A diagrammatic approach to quark exchange processes in meson-meson scattering is applied to the case of inelastic reactions of the type (Q Q) + (q q) ! (Q q)+(q Q), where Q and q refer to heavy and light quarks, respectively. This string-ip process is discussed as a microscopic mechanism for charmonium dissociation (absorption) in hadronic matter. The cross section for the reaction J= + ! D + D is calculated using a potential model, which is tted to the meson mass spectrum. The temperature dependence of the relaxation time for the J= distribution in a homogeneous thermal pion gas is obtained. The use of charmonium for the diagnostics of the state of hot hadronic matter produced in ultrarelativistic nucleus-nucleus collisions is discussed.
I. INTRODUCTION
The interaction of a J= meson with strongly interacting matter is to date still a controversial subject. While the production of J= can be understood within perturbative QCD due to the large mass of the charm quark, its further interaction with surrounding matter is essentially soft in nature and as such not treatable perturbatively. The knowledge of hadronic interactions, as well as their modi cations at nite temperature and density, is however necessary for a proper understanding of ultrarelativistic nucleus-nucleus collisions, especially in view of a possible transition from hadronic to quark matter 1]. The suppression of J= was initially proposed as a signal for a quark-gluon plasma 2]. Such a suppression was observed by NA38 3] . However, the data can be described by a variety of models on a phenomenological basis, both in a plasma 4] and in a conventional hadronic scenario 5, 6] . Thus, the question of the signi cance of the J= signal remains as yet undecided.
Plasma formation is not expected to occur in hadron{nucleus (hA) collisions. However, data taken in hA collisions already show a considerable reduction of J= production at low x F (the region where J= is also measured in nucleus{nucleus (AB) collisions) as compared to proton{proton (pp) 7, 8] . The suppression pattern in both hA and AB collisions is found to be consistently described by a phenomenological absorption cross section of N abs 5{7 mb 9].
On the other hand, it was recently argued that, due to the smallness of the heavy quark{ antiquark system (Q Q), a gluon needs to be su ciently hard in order to resolve this pair, Q 2 g 1=m 2 10 ]. Only decon ned matter at temperatures beyond the phase transition temperature T c contains su ciently many hard gluons to cause a J= suppression of the observed magnitude. Matter in the form of hadrons does not provide enough hard gluons, and consequently a value of N abs 5{7 mb has been regarded as unrealistic. This obvious contradiction is one example for the need of an understanding of hadron{hadron interactions on a more fundamental level.
With the present work, we aim to provide a step towards lling this gap. The approach we use is the description of hadrons as bound states of quarks. It allows one to consistently account for substructure e ects. A full treatment of the hadron{hadron interaction is to date not possible due to the non{perturbative character of QCD in this region. A microscopic calculation of the J= breakup process by impact ionization has been performed within perturbative QCD in Ref. 11 ] for a dense partonic environment and in Ref. 10 ] for a hadronic medium. However, in these approaches non{perturbative correlations in the nal state (charmed hadrons) have been neglected, i.e. only the breakup of a J= into free charm quarks was considered. As lattice gauge simulations of QCD suggest 12{14], hadronic correlations persist even for temperatures well above the decon nement transition. Therefore, e ective approaches to J= dissociation in the non{perturbative domain of strongly correlated quark matter consider this process as a quark exchange (string{ ip) process 15]. The role of quark exchange processes in hadron-hadron interactions has been investigated in several approaches 16{20]. Recently, a systematic analysis of quark exchange contributions to the meson-meson interaction has been given in Refs. 21, 22] within a diagrammatic technique. These approaches use a non-relativistic quark potential model to describe mesons as bound states. They have been applied to the elastic scattering of light mesons. When translating the diagrams into the language of Green functions 22], a generalization to nite temperatures and densities as well as to a relativistic e ective meson theory is possible.
In the present work, we extend this diagrammatic technique to the calculation of the cross section for the inelastic reaction (Q Q) + (q q) ! (Q q) + (q Q), where Q and q stand for heavy and light quarks, respectively. We consider the process of charmonium dissociation by inelastic collisions with light mesons. In particular, we calculate the cross section of the reaction J= + ?! D + D as a function of the relative kinetic energy of the mesons and address its application to the analysis of the kinetics of charmonium dissociation in heavy ion collisions. The section II gives the general formalism for inelastic meson{meson scattering. In section III, the special case of charmonium dissociation is treated within this formalism, and cross sections for the main processes are calculated. These are then used in section IV to study the absorption in a pion gas. In section V we discuss the situation encountered in the experiment.
II. QUARK EXCHANGE CONTRIBUTION TO MESON-MESON SCATTERING
In this section, we present the formalism for the calculation of the cross section of quark exchange processes between mesons. We mainly follow the notation of Ref. 21] . We consider the two{meson scattering process A(a a) + B(b b) ! C(a b) + D(b a), where the interchange of the quark content (in brackets) corresponds to a avor rearrangement. This process dominates the cross section behavior at low relative energies of the mesons, while at higher energies the additional production of lightpairs sets in which is not contained in the present approach.
The di erential cross section for the process i ! f is given by d fi (s; t) d t = 1 64 s 1 P 2 (s) jM fi (s; t)j 2 ;
(1) where P(s) is the relative three{momentum of incoming particles in their center of mass frame. For the relation between P and s; t see App. A. The indices i and f stand for the initial and nal two{meson states. The central problem is the calculation of the relativistic invariant matrix element M fi (s; t). For this, e ective theories have to be used in the low energy domain, where perturbative QCD is not applicable. One speci c property of hadron{ hadron scattering is the color neutrality of asymptotic states, such that a single one gluon exchange between hadrons is forbidden. The quark exchange process, however, is possible and the matrix element reads in Born approximation 21, 22] M fi = N D A B H AB;CD C D E ;
(2) with the meson{meson interaction Hamiltonian H AB;CD and a product ansatz for the incoming (outgoing) two{meson states formed by the mesons A; B (C; D). Four{momentum conservation is implemented in this matrix element. The normalization factor N is needed in order to get the correct form of M fi from the nonrelativistic transition matrix element.
With our convention, it reads
where 0 is the normalization volume of the states , which is set in the following to unity, and E i = q m 2 i + p 2 i . The calculation of M fi is performed in the center of mass frame of the mesons A and B. The resulting di erential cross section d =d t is expressed in terms of Mandelstam variables, that is, in Lorentz invariant form. The total cross section for scattering into channel f is obtained by integrating over t fi (s) = Z t+ t? dt d fi (s; t) d t ; (4) where t + (t ? ) is the maximal (minimal) possible momentum transfer t. The t integration can be transformed into an integration over z = cos #(P; P 0 ), where #(P; P 0 ) is the angle between the relative momenta P and P 0 of incoming and outgoing mesons, respectively. For nonidentical particles the following relation holds:
?1 dz jM fi (P(s); P 0 (s); z)j 2 : (5) A. The quark exchange Hamiltonian It has been shown in Refs. 21, 22] , that in the quark potential model the Hamiltonian of the quark exchange process in meson{meson scattering can be represented as an e ective two{quark interaction followed by a quark interchange between the mesons. The result of the diagrammatic analysis of all topological inequivalent contributions to the quark exchange matrix element is shown in Fig. 1 
where a : : : d 0 denote three{momentum, spin, avor and color quantum numbers of the quark or antiquark (a = fp a ; s a ; f a ; c a g). The last bracket selects those contributions in the sum over all quark quantum numbers, which match to the nal state two{meson wave function. The other terms in Eq. (6) are obtained in an analogous manner, where the interaction acts between the particles i and j.
In the quark potential model, the two{quark interaction of a meson is given by the interaction Hamiltonian H I of Fermi-Breit type. The same interaction is assumed to act also between the quarks of di erent mesons. It consists of the usual kinetic term, a nonrelativistic potential (H V ) and relativistic corrections arising from spin-spin (H SS ) and spin-orbital (H LS ) interaction, a tensor interaction (H T ) and a spin independent term (H SI ), see 23] for a review. In the present work only S wave mesons are considered. Thus the two{quark interaction Hamiltonian H I is a sum of the quark{quark potential H V and the spin{spin interaction H SS only, D i; jjH I ji 0 ; j 0 E = D i; jjH V ji 0 ; j 0 E + D i; jjH SS ji 0 ; j 0 E : (8) For the reason of mathematical tractability of the matrix element (2) we choose an e ective Gaussian ansatz for the orbital part of interaction, which in momentum space reads 
with parameters V 0 and x for the depth and range. A Kronecker symbol with superscript S; F or C is understood to act in spin, avor or color spaces, respectively, e.g. (F;C) j;j 0 = s j ;s j 0 f j ;f j 0 c j ;c j 0 . This potential does not account for con nement. The use of a noncon ning potential follows Ref. 21 ] and is justi ed as long as the wave functions become small in the vicinity of the edge of the potential. In particular for the mesons containing heavy quarks, this condition holds. The spin{spin interaction is taken in the standard form 23] D i; jjH SS ji 0 ; j 0 E = 32 s 9m i m j s i s j (F;C) i;i 0 (F;C) j;j 0 p i +p j ;p 0 i +p 0 j ; (10) where m i and m j are the constituent quark masses. This can be rewritten in terms of H V (Eq. 9) since the identity operator in momentum space can be understood as a limit of the Gaussian potential for x ! 0 and V 0 ! (8 x) ?3=2 .
B. The meson wave functions
We decompose the mesonic wave functions into orbital ( ), spin ( S ), avor and color ( FC ) parts, j A P A i = j A P A i j A S i j A FC i; ha; aj A i = A P A (p a ; p a ) A S (s a ; s a ) A FC (f a ; f a ; c a ; c a ): (11) Instead of nding the exact eigenfunction of the two particle Schr odinger equation we use trial Gaussian wave functions and nd the best approximation by using the Ritz variational principle. The orbital part of 1S state wave function is given by A P A (p a ; p a ) = (2 ) 3=2 4 A ! 3=4 exp h ?2 Ap 2 A i P A ;(pa+p a) ; (12) where A stands for the quantum numbers and P A = p a +p a for the total momentum of meson A. The relative momentumof the quark and antiquark in the meson isp A = A p a ?(1? A )p a , where A = m a =(m a + m a ). The constant A is related to the mean squared meson radius via hr 2 i A = 6 A .
We calculate the matrix element in the center of mass frame of mesons A and B, where P A + P B = P C + P D = 0 because of total momentum conservation. Let us introduce the notation P = P A = ?P B ; P 0 = P C = ?P D : (13) The generalization of the wave functions to excited states is straightforward. If one would also consider P waves, the spin-orbit and tensor terms of the interaction Hamiltonian had to be taken into account additionally. The parameters of potential and wave functions are tted to the masses of the ; ; J= ; 0 ; D and D mesons, see App. B.
C. The transition matrix element
According to the diagrammatic analysis of the contributions to the matrix element (2), there are four contributions to be evaluated, see Fig. 1 . The rst two diagrams correspond to the so called capture diagrams of Ref. 21] , since the interacting quarks are captured in one meson in the nal state. The others represent the transfer diagrams. The additional diagrams that arise, if identical quarks are present in the considered process, have the same amplitude and thus can be accounted for by a factor 2.
Since H I is a sum of an orbital and an spin{spin interaction, the transition matrix element can be written as a superposition M fi = X i=a; a j=b; b M V ij + M SS ij : (14) We make use of the product ansatz for the wave functions Eq. (11) and calculate the con- (23) I SS FC;ij = I V FC;ij : (24) In this case, the Hamiltonian acts on the spin part of the wave functions. The spin factors I V S and I SS S are given in Table I . Because of the 1=(m a m b ) dependence, the spin{spin interaction H SS dominates the matrix element when the interacton of light mesons is considered. In Ref. 21 ], the orbital interaction H V has been disregarded in the calculation of the + + scattering phase shifts, see also the following subsection. For our present application to the charmonium dissociation process, the contribution of H V plays the dominant role in the transition matrix element (14) and it will be examined in more detail in section III.
D. Elastic + + scattering
In this paragraph, we give the instructive limiting case of four equal quark masses m a = : : : = m d = m q . That is, we consider the scattering of identical spinless 1S mesons with masses m, described by A = : : : = D = . In this case the absolute values of the incoming and outgoing relative momenta P and P 0 are equal. We multiply by a factor of 2 in order to take into account the diagrams which arise in addition to those containing distinguishable particles. In this case, the matrix elements get a transparent form. The spin-spin term reads M SS (P; z) = 
It has been shown in 15, 21] , that the low energy scattering phase shifts of + + scattering can be well described by this matrix element. The minimal relativistic approach to quark exchange processes in hadron{hadron scattering has also proven successful in the description of K and KN scattering 24] . We expect that in processes, where quark creation and annihilation is negligible, the presented approach will be applicable.
III. CHARMONIUM DISSOCIATION
In this section, we apply the presented formalism to the speci c case of the breakup of J= when scattering on hadrons. We calculate the absorption cross section from the quark exchange process, which is a function of the relative kinetic energy of the two scattering mesons, and discuss the implications for realistic physical situations. To demonstrate the importance of correlations in initial and nal states, we also discuss the breakup reaction of J= into free quarks. Here, the result corresponds to previous perturbative calculations 10].
Charmonium absorption processes in hadronic matter have been considered in several works, e.g. 9, 25, 26] 
Generically, we denote D + ; D ? or D 0 as D, and correspondingly D for the antiparticles. D(1S) represents either D or D . Note that the reaction J= + ! D+ D, without excited nal states, is forbidden by angular momentum conservation. The reaction thresholds for the possible processes are given by the mass di erences m. All these reactions are examples of inelastic quark exchange processes among hadrons. In the following, we work out our formalism considering process a) which describes charmonium absorption in a pion gas. Other processes including higher meson states such as c and 0 can also be considered, see the discussion in the conclusions. Process c) describes J= absorption on nucleons and can be treated on a similar basis.
A. J= absorption by pion impact
We apply the approach given in section II to calculate the energy dependent cross section of the process a) by specifying the initial mesonic states A = J= (Q Q); B = (q q) and the nal state , C = D(1S) (q Q); D = D(1S) (Q q), where Q is the heavy charm quark and q the light u or d quark.
In order to work out the details in a transparent way, we use Gaussian wave functions and a Gaussian shape for the interaction potential which binds the quark-antiquark pairs into mesons. With the parameters of App. B, we obtain a satisfying description of the relevant meson spectrum, see Table III . The choice of the Gaussian class of functions has the advantage that the calculation of the cross sections can be performed analytically, which makes the results more transparent. Eq. (19) and (20) are now used to calculate the cross section for the charmonium dissociation reaction J= + ! D(1S) + D(1S). Due to the large charm mass, the spin-spin interaction is negligible and we keep only the potential interaction. Then, for each nal state channel, four matrix elements have to be computed. The integral over z in Eq. (5) can be performed analytically with the result : (27) Here, the rst term arises from the two capture diagrams. They have the same spin and avor-color factor and di er only in the sign of z, thus Table II are included except the lowest D D channel which is forbidden by angular momentum conservation.
The behavior of the cross section is characterized by a threshold at s 0 = (m C +m D ) 2 and a strong enhancement near this threshold, as well as an exponential fall-o towards higher energies. We obtain a peak value of about 15 mb at E cms rel = 1 GeV. The absorption cross section is approximately described by the t formula t (s) = 0 1 ? s 0 s 2 exp ?a(s ? s 1 )] (s ? s 0 ): (29) The t parameters for di erent possible nal states 0 ; a and s 1 are given in Table II .
As we mentioned in the beginning, we do not consider the inelastic production of additional lightpairs, which sets in at a threshold of p s 0 + m q + m q . Therefore, the exponential decrease in Eq. (29) is not considered to be realistic in view of the additional nal state channels opened beyond this energy.
B. Phenomenology of hadron{hadron cross sections
The large value of the absorption cross section we obtained within our calculation is at rst sight a rather unexpected result. However, what was calculated is the cross section of a preformed, full{size J= on a . This is in most situations not realistic. In real life, the Q Q pair expands from a small object at the creation vertex to its full size 27, 28] . The initial size can be estimated to be hr 2 i 1=2 Q Q 1=(2m c ) 0:06 fm, as supported by charmonium hadroproduction and photoproduction experiments. A quantum mechanical treatment of the expanding Q Q state which simultaneously interacts with hadrons gives a time scale of this expansion of Q Q exp = 0.85 fm in the Q Q rest frame 29]. In the present hA experiments, the kinematics are such that asymptotic J= 's are observed only at high momenta in the nal state. Then, Q Q exp has to be multiplied by a rather large factor. In other words, the J= is only formed far outside the nucleus. This has two consequences. Firstly, the Q Q interacts inside the nucleus still as a correlated, but considerably small state. We investigate this situation by describing the initial Q Q state with a wave function narrower than the one of the J= , which is done by changing the wave function parameter Q Q accordingly. What we nd is a decrease of the breakup cross section with decreasing Q Q size. More precisely, abs / D r 2 E Q Q : (30) This con rms the the phenomenological Povh{H ufner relation 30] of hadron{hadron cross sections. Therefore, in realistic experimental situations, the cross section of 15 mb is lowered according to the kinematical circumstances. Secondly, possible di erences in the nal state interaction of J= and 0 , as expected already from their di erence in size, are delayed, and thus become invisible because the di erence in their asymptotic states appears only after they have left the target nucleus. This is supported by the experimental observation of an identical depletion of J= and 0 in heavy nuclei 8].
C. J= breakup without nal state correlations
As mentioned in the introduction, it was argued recently within a perturbative approach that a J= breakup reaction via gluon exchange requires a relatively hard gluon in order to resolve the small Q Q state 10]. The result we obtain for the cross section, Fig. 2 , is completely di erent from the cross section obtained in such a perturbative approach. However, the quark exchange process we considered is also very di erent from a gluon exchange and essentially nonperturbative in nature. We note in this context that the present treatment can be traced back to older works of Gunion, Brodsky and Blankenbecler on composite models of hadrons 16]. They showed that even in certain short{range interactions constituent exchange dominates over gluon exchange processes.
In order to illustrate this important point in the context of our approach, we calculate the cross section for the breakup reaction of J= and into four asymptotically free quarks within our e ective model. Instead of the Gaussian wave functions (12) we de ne the nal state as plane waves, in momentum space representation 
The integration is restricted by energy conservation to 0 p 2 D f p s=2?(m 2 Q +p 2 C ) 1=2 g 2 ?m 2 q and 0 p 2 C ( p s=2 ? m q ) 2 ? m 2 Q . Our result of the "perturbative" breakup cross section as a function of E cms rel is shown in Fig. 4 . It does not exhibit a peak close to threshold, but starts smoothly and increases monotonically with energy. This is analogous to what has been calculated in QCD perturbation theory 10].
At low relative energies, the cross section of this process is small and it does not contribute to the J= disintegration. The comparison of the two cross sections, shown in Figs. 2 and 4, demonstrates the importance of the correlation of the quarks in the nal state. It has the consequence of a strong enhancement close to threshold where the relative momenta of the outgoing quarks are small and correlations between them are most pronounced.
We emphasize at this point that the quark exchange reaction into correlated nal state mesons does not proceed via intermediate free quark states. Therefore, the only energy barrier encountered in this process is the reaction threshold, i.e. the mass di erence between initial and nal state mesons. It is understood in our approach as the di erence of the respective binding energies, which is overcome by kinetic energy of the initial mesons. However, we stress that no intermediate energy barrier is present in this nonperturbative approach. This has to be seen in contrast to a perturbative calculation, where such a barrier occurs and where a nonperturbative mechanism, such as a tunneling process, has to be invoked additionally.
D. Inelastic cross sections in the strange sector
We brie y look at the related processes involving strangeness instead of charm. The meson{meson reaction in this case is + ! K + K, which is, however, experimentally not accessible. Instead, we look at the baryonic reactions in the strange sector corresponding to the ones relevant for charmonium. These are a) K ? + p ! + X; b) K + + p ! + X; (35) and a review of the data is given in 31, 32] . The cross section for reaction a) exhibits a strong peak at threshold and a subsequent decrease with increasing energy, while the cross section for reaction b) increases monotonically from threshold. At energies far above threshold both cross sections reach the same asymptotic value. The data qualitatively show exactly the behavior we expect. Process a) is dominated by a simple quark exchange process as we considered before, for which we calculated a strong peak at threshold, while reaction b) requires a hard s s production process since K + contains an s quark, while an s is needed for the . Therefore, reaction b) does not show an enhancement at threshold. Although only being qualitatively, this strongly supports the approach presented here.
IV. DISSOCIATION KINETICS IN A PION GAS
In this section, we consider the relaxation of the charmonium uctuation by string-ip processes in a dense hadronic medium such as the pion gas produced in a high energy nucleus-nucleus collision. To obtain the suppression of the bound Q Q states, we fold the energy dependent absorption cross section calculated in the previous section with a thermal pion distribution which is chosen in a way to describe the pion multiplicity and shape of the rapidity dependence in the same reactions where the J= is measured as well.
The time evolution of the J= distribution is described by the Boltzmann equation 33 
is the ux of pions in the rest frame of the J= (see App. A). Due to the small number of Q Q pairs, the inverse process of J= production in D D scattering is neglected, and the in uence of the considered reaction on the pion distribution is negligible. The solution of Eq. (36) for an initial J= distribution f (r; p ; t 0 ) reads f (r; p ; t) = f (r ? v t; p ; t 0 ) exp ?
f (r ? v (t ? t 0 ); p ; t 0 ) abs s(p ; p )]j(p ; p ) : (38) We are interested in the time evolution of the total number of J= 's resulting from the absorption by the breakup process considered in section III. For a qualitative estimate we consider the survival probability of a J= in a uniform thermal pion gas. In this case the integration over the space coordinate r can be performed and the resulting momentum distribution of meson i is given by n i (p i ; t) = Z d 3 rf i (r; p i ; t): (39) The Boltzmann equation (36) simpli es to @n (p ; t) @t = ?n (p ; t) 1 (p ; t) ; (40) where the relaxation time (p ; t) is de ned in the rest frame of the pion gas by (p ; t) ?1 = h abs v rel i n (t);
(41) with the pion density (t) = Z d 3 p (2 ) 3 n (p ; t): (42) The brackets denote the average over the pion distribution n which may, in general, be time dependent.
h abs v rel i n (t) = 1 (t) Z d 3 p (2 ) 3 n (p ; t) abs s(p ; p )]j(p ; p ):
(43) In order to give a quantitative estimate of the relaxation time for the J= distribution in a dense pion gas, we consider the speci c example of a thermal pion distribution in equilibrium as given by the Bose distribution f (E ; T) = 3 (exp (E ? )=T] ? 1) ?1 ; (44) where the factor 3 stands for the pion multiplicity. The temperature T and chemical potential may be chosen as time dependent for modeling the evolution of density and energy density in nucleus-nucleus collisions. For the chemical potential of pions we use the value = 126 MeV with which the experimental heavy ion data can be well reproduced 35]. The temperature range from 120 to 210 MeV corresponds to pion densities from 0.22 to 0.84 fm ?3 .
We show our result for the thermal averaged cross section h abs v rel i T for di erent temperatures and momenta of the J= relative to the pion gas center of mass in Fig. 5 . This quantity gives the mean capability of a pion to dissolve a J= which is moving with momentum p through the pion gas. For low momenta of the J= , it corresponds to a small cross section since the relative energy exceeds the reaction threshold only in few collisions. The cross section then rises with increasing momentum of the J= . For all values of p , the absorption cross section increases with increasing temperature of the pion gas. The resulting mean life time of a J= moving through a pion gas, de ned in Eq. (36) , is plotted in Fig. 6 as a function of the pion temperature for di erent J= momenta. In comparison to previous assumptions or phenomenological calculations 36{38], we nd a rather strong absorption of the J= . This is caused by the enhancement of the energy dependent cross section when quark-antiquark correlations in the nal state are taken into account.
V. DISCUSSION OF RESULTS IN VIEW OF THE EXPERIMENTS

A. J= absorption in a pion gas
For a qualitative discussion of this result, we compare the calculated relaxation time with the mean life time of a hadronic reball which is measured e.g. by interferometry in the NA35 experiment and found to be in the range of 5 fm/c for freeze-out temperatures T 150MeV 39] . This means that the relaxation time is of the same size as the lifetime of the reball. From our results, we conclude that J= dissociation in a dense pion gas is capable of producing a rather large absorption. In particular, it is large enough to describe the J= suppression as observed by NA38.
However, so far we have discussed an idealistic situation which is not met in heavy ion collisions. First, the assumption of an equilibrium pion gas without baryons and resonances is not realistic. Second, in the early stage of the collision, the densities are so high that a description by a free pion gas is not appropriate, and it is uncertain at which time such a description becomes valid. Third, as we discussed in detail in the previous section, the J= cannot be regarded as a fully developed object from the very beginning. For the latter two reasons, we overestimate the contribution of collisions with pions to the J= absorption.
It is therefore interesting to analyze the variation of the e ective cross section h abs v rel i again as a function of the radius of the Q Q wave function hr 2 i Q Q . For the free reaction Q Q + ! D + D, we had obtained a cross section proportional to the radius squared of the Q Q pair. We nd that this relation still holds after averaging over the medium. The quantity h abs v rel i is shown in Fig. 7 for di erent temperatures of the surrounding pion gas as a function of hr 2 i Q Q . It is approximately proportional to the mean squared Q Q radius. It has been emphasized on the basis of hadron{nucleus experiments that there must be a considerable contribution to the absorption of J= on nucleons 40]. Within our formalism, absorption of J= on nucleons such as the reaction (22 c) can be treated in an analog manner. We expect qualitatively a similar result as we obtained for the breakup of J= 's on pions. With a choice of the time-dependent size of the Q Q system appropriate for the respective kinematics, the hadronic absorption of charmonium on nucleons should be well described by this approach, except for the very high momentum region (x F 1) 41]. In nucleus{nucleus collisions, we have the additional absorption on the pion gas formed in the collision, on which we concentrated in this work. With the proper kinematics, it is reduced from the idealistic estimate above, but still to a value comparable to the absorption on nucleons. Therefore, our results show that the two hadronic absorption processes on pions and on nucleons, when taken together, are able to account for the observed J= suppression.
B. Heavy ion beams and inverse kinematics
In the near future, experiments will take data with the lead beam at CERN. It has been proposed to also study reactions in inverse kinematics, i.e. a heavy projectile on a light target. In this setup, the J= formed in the hard collision will subsequently be taken over by the heavy projectile nucleus at a low relative momentum. Thus, it is an ideal tool to study the interaction of (almost) fully formed J= 's on nucleons. From perturbative calculations, no absorption is expected in this case due to the low density of hard gluons in nuclear matter. Our prediction di ers from this. From our cross section, we expect a strong absorption of the J= as compared to the case of pA collisions. The limitations of the model we presented only allow us to make qualitative predictions.
We 
where v a v b 1 are the relative velocities of the J= with respect to the scatterers. We assume that initial state modi cations and color octet absorption 43] in both pA and Ap collisions occur at short time scales inside the nuclei such that these e ects cancel when taking this ratio. Inserting the values given above and using an energy independent cross section of 0 (s a ) = 0 (s b ) = 5 mb, we obtain R = 1:22. Concluding, we expect a strong suppression of J= production in the inverse kinematical regime as compared to the lead target. An enhancement of the J= absorption cross section near threshold, as we obtained for absorption on pions, leads to an even stronger suppression in this case. Taking, for example, 0 (s b ) = 1:5 0 (s a ) gives R = 1:38. On the other hand, perturbative estimates suggest for this ratio a value of R = 1. Therefore, the experiment carried out in inverse kinematics is clearly able to discriminate between the di erent models, and thus to indicate the dominant physical processes.
VI. CONCLUSIONS
The aim of the present work was to establish a formalism in which the absorption of J= mesons on hadronic matter is treated in a microscopic approach. We describe mesons in a potential model, and consider quark exchange reactions between two mesons as the model for inelastic reactions such as open charm formation in a J= {hadron collision. For an exploratory calculation, we have used a Fermi-Breit Hamiltonian and a Gaussian ansatz for the quark-antiquark wave functions. In this model the energies of bound states are fairly well reproduced. In addition, the model can still be treated analytically and gives transparent results which we have discussed in detail.
In this work, we concentrated on the reaction J= + ! D + D and calculated the cross section for the breakup reaction as a function of the relative energy of the colliding mesons. For comparison, we also considered the breakup reaction in free quark states. The result of the latter calculation is similar to what is obtained in the corresponding calculation in the framework of short distance QCD. The comparison of both our results, as shown in Figures  2 and 4 , demonstrates the importance of correlations of the quarks in the nal state.
When considering correlated quarks, i.e. mesons, in the nal state, we nd an enhanced cross section at the reaction threshold, that is, for low relative momenta of the quarks in the nal state. In general we are able to describe a correlated Q Q pair before it propagates to become a fully developed J= . For both kinds of nal states, we nd an increase of the absorption cross section proportional to the square of the (time dependent) system size of the Q Q state.
With a view to the application of this result to heavy ion collisions, we have estimated the suppression of J= 's in a dense pion gas in thermal equilibrium. Since this is an idealized situation, the results can only be considered qualitatively. They suggest that in the temperature region accessible to present experiments, non{perturbative (string-type) correlations in the nal state (asymptotically, these are charmed hadrons) as described in the present approach are crucial for the understanding of the J= suppression pattern. The enhanced cross section that we obtain at the D D threshold is su cient to explain the J= suppression in the NA38 experiment as due to absorption by pions and nucleons. This is in contrast to previous claims that J= suppression could only be related to the quark-gluon plasma formation 10]. We pointed out that a measurement comparing pA with Ap, in inverse kinematics, could clearly distinguish between both physical pictures, since the one based on perturbative calculations predicts basically no suppression, while in the one presented here, a strong suppression is expected.
The formalism that we have presented in this work is rather powerful. A straightforward extension can simply accommodate higher states, such as the charmonium states ( c ; 0 ), mesonic resonances ( ; !; : : :), and baryons (N; ). We mentioned that similar results are expected for charmonium absorption on nucleons. Since quite a sizable contribution to the J= yield stems from decays, also the ? cross section should be calculated.
An analysis of the 0 absorption cross section would be of particular interest, since the ratio 0 to J= yields in pA and AB collisions is supposed to be free of initial state e ects. This ratio was measured recently by NA38 44] , and it seems to be a much clearer probe of the state of matter than the J= to continuum signal.
As a further outlook, we mention also the possible application of the present approach to the interaction of J= 's with decon ned quark matter, see e.g . 15] . For this application the present nonrelativistic calculation of the matrix element M fi has to be improved by evaluations within a relativistic potential model 45], where the e ects of chiral symmetry restoration and quark decon nement at nite temperature can be included. ? ( 3 4 for each of the quark pairings, q Q; Q q and Q Q with appropriate parameters for quark masses m i and wave function parameters ij . We determine the parameters in (9) 1. Orbital factor of the matrix element The di erent values of this factor are summarized in Table I . The spins of initial mesons and the sum of them are in the head of the table and of the reaction products in the rst column. The spin factor in the potential interaction term of the transition matrix element between these states can be read from this table. For the I SS S term one has to multiply these factors by the numbers given in the right two columns for the diagrams M a b and M ab . The factors for M ab and M a b diagrams are obtained in a similar way, see 21].
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The color singlet wave function for mesons is Meson mass spectrum according to the formula Eq. (B3) with the tted model parameters (B4) in comparison with the spin averaged experimental masses. In the last column, the root mean squared radii of the mesonic state are given. Cross section for di erent channels of inelastic rearrangement reactions of J= and into D mesons. 
